Abstract-In wireless networks, the broadcast nature of wireless transmission enables cooperation by sharing the same transmissions with nearby receivers and thus can help improve spatial reuse and boost network throughput along a multi-hop routing. The performance of wireless networks can be further improved if prior information available at the receivers can be utilized to achieve perfect interference subtraction. In this paper, we investigate performance gain on network throughput for wireless cooperative networks by using a simple MUD scheme, called overlapped transmission, in which multiple transmissions are allowed only when the information in the interfering signal is known at the receiver. It is shown that the scheme of cooperative transmission with overlapping increases network throughput by 24% compared to that of direct transmission with overlapping. We then propose a new cooperation scheme called supplementary cooperation, which improves the performance gain of direct transmission with overlapping by 42%. Analytical results are developed to show that in a general network scenario, supplementary cooperation achieves bit error rate (BER) reduction of 34.87%, compared with the conventional cooperative transmission. Furthermore, we proposed a criterion for finding the best cooperative route to achieve maximum network throughput in a general network.
I. INTRODUCTION
Cooperative transmission (CT) has recently attracted much attention as an effective technique to combat multi-path fading and enhance receiver reliability in wireless communication systems [1] - [5] . The key feature of cooperative transmission is to encourage single-antenna devices to share their antennas cooperatively such that a virtual antenna array can be constructed, thereby, enabling performance gains to be significantly boosted. However, existing work more focuses on reception reliability (i.e., BER) and energy issues; the potential of network throughput of cooperative networks has not been fully explored.
The idea of employing multiuser detection (MUD) in wireless networks to increase spatial reuse and throughput has been proposed in [6] - [9] . Motivated by the fact that prior information available at the receiver can be utilized to achieve This research was sponsored by US Army Research laboratory and the UK Ministry of Defence and was accomplished under Agreement Number W911NF-06-3-0001. The views and conclusions contained in this document are those of the authors and should not be interpreted as representing the official policies, either expressed or implied, of the US Army Research Laboratory, the U.S. Government, the UK Ministry of Defense, or the UK Government. The US and UK Governments are authorized to reproduce and distribute reprints for Government purposes notwithstanding any copyright notation hereon. perfect interference subtraction by using the MUD scheme [9] and therefore invite more simultaneous transmissions along a multi-hop routing, we propose here to further exploit network throughput in cooperative networks by combining the MUD scheme with supplementary cooperation strategy Consider in the two-hop linear cooperative network illustrated in Figure 2 , each node acts two roles in the network transmission: source node and relay node. Relay transmission is a main feature of cooperative communication. A one-hop cooperative link between source A and node C includes two different transmission channels: the direct transmission channel, which links source A directly to node C and the relay transmission channel, which links source A through relay B to node C. The communication is divided into two orthogonal time slots in order to support the cooperation. During the first time slot, source A broadcasts its frame, which contains data for two destinations B and C, and each destination receives its signal. In the second time slot, source A does not transmit, and relay B decodes and forwards the data flow to node C. As a result, node C receives two independent copies of the same packets transmitted through different wireless channels, from which diversity gain can be achieved by combining the data copies. The process repeats when node C starts to send the combined data in the third time slot to the node D and E. It is worth noting that cooperative communication significantly improves reception reliability, which is an important criterion in the measurement of the performance of cooperative transmissions and will be examined in following sections.
The contribution of this paper is three-fold: first, we illustrate the idea of interference subtraction for cooperative networks by using overlapped transmission, and demonstrate that the scheduling scheme of cooperative transmission with overlapping can obtain larger network throughput than the scheme of direct transmission with overlapping. Second, we propose a new cooperation scheme called supplementary cooperation and then developed to show that it can achieve much better performance than other transmission strategies. Third, in order to balance the trade-off between the BER, reuse factor and network throughput, we propose a criterion for finding the best cooperative route to achieve maximum network throughput in a general network.
The reminder of this paper is organized as follows. In Section II, we show the performance gain of conventional cooperative transmission with overlapping as a motivation for 
II. MOTIVATION
In this section, we illustrate the idea of interference subtraction by using overlapped transmission in a five-node linear network, which is shown in Figure 1 and 2. Without losing generality with previous work [9] , the distance between adjacent node is unit one, the transmission range (solid line) is also assumed to be unit one and the interference range (dashed line) is assumed to be twice the transmission range. Specifically, we use outage probability to define the transmission range and interference range.
We employ a propagation model to consider path loss, shadow fading and Rayleigh fading. The wireless link a ij between the nodes i and j is modeled as
ij , where d ij , the distance between the nodes i and j, represents the large-scale behavior of the channel gain, k is the path-loss exponent and h ij captures the channel fading characteristics due to the rich scattering environment. In addition, the channel fading parameter h ij is assumed to be independent and identically distributed (i.i.d), complex Gaussian variable with zero mean and unit variance.
For direct transmission, the mutual information between a source and a destination is
where ρ = E b /N 0 is defined as transmission power to noise ratio. 
where R is the desired data rate in bit/s/Hz which is defined by the quality of service (QoS) requirement and d is the distance between two nodes. By using (2), we have the equivalent definition as follow
Therefore, when setting a desired data rate R, a successful transmission can be made only if the outage probability at the receiver satisfies the first condition of (3). When a node is within the interference range, which satisfies the second condition, it cannot directly decode the message from the source. However, from information theory's perspective, it can accumulate the information from both the source and relay to satisfy the first condition by using cooperative transmission in two time slots, which is shown in Figure 2 .
be the respective distances among the source, relay and destination of one single cooperative link. The outage probability is
Note that the mathematical details behind this equation are omitted due to space limitation and can be found from [10] . As shown in [9] , network throughput can be improved by employing simultaneous transmission and the scheduling scheme employing the overlapped transmission for the fivenode linear network is depicted in Figure 1 . We observe that in time slot T3, node C forwards packet m 2 , which is received by node B in T2, to node D. Node B can actually keep a copy of the transmitted message m 2 locally, thus it knows the message being transmitted by node C in T3 and can apply the MUD with the stored prior information m 2 to mitigate the interference caused by node C, while node A is allowed to transmit another message m 3 at the same time.
The performance of the scheduling schemes is measured in terms of network throughput at destination E. We assume time slots are equal length T and identical transmission power for all nodes. Since destination E successfully receives a message on an average in every two time slots, the average throughput for direct transmission with overlapping is
Under the same BER achievement
2 , by using (2) and (4), the date rate for cooperative transmission can be increased to
where P T H is the BER of a two-hop-length direct transmission. For cooperative transmission as shown in Figure 2 , a message on an average requires three time slots to be received at destination E, the average throughput for cooperative transmission with overlapping is
As a result, if the performance of cooperative transmission with overlapping is better than that of direct transmission with overlapping, only when λ D < λ C , which equals
We observe that (8) can be easily satisfied, especially when the transmission power to noise ratio ρ is large enough. Let us consider an example, we assume k = 2, R D = 2bit/s/Hz and ρ = 100, then with the same BER performance, R C = 3.73bit/s/Hz. The transmission efficiency, which is defined as the ratio of network throughput under direct transmission scheduling employing overlapped transmission and cooperative transmission scheduling employing overlapped transmission, is Γ = λC λD = 1.24. It is clear that the scheduling scheme of cooperative transmission with overlapped transmission has shown better potential to improve network throughput by 24% over the scheme of direct transmission with overlapped transmission and that potential can be further improved when implements supplementary cooperation with overlapped transmission as will be examined in the rest of paper.
III. SUPPLEMENTARY COOPERATION
In this section, we introduce the idea of supplementary cooperation strategy. We have focused so far the conventional cooperation strategy that the mutual information accumulation only happens at the destination node of each cooperative link. Actually, the relay node can also get full benefits from cooperation by taking advantage of the broadcast nature of 
A. System Model
Consider a general network scenario where simultaneous transmissions are among the same route which is shown in Figure 3 . As an extension, we are interested in the interference impact on network performance, i.e. under a realistic assumption that multiple nodes are active for transmission at the same time. Since we assume that each node uses the same transmission power, the SINR at receiver s i+1 is
where P I is the summation of interfering power at the receiver. Since for Rayleigh fading, |a j,si+1 | 2 is exponentially distributed with parameter d k j,si+1 . By taking the average of |a j,si+1 | 2 and assuming the white noise power P 0 P I , then above SINR is
.
Hence the mutual information at node s i+1 can be shown as follow
where ρ ri and ρ si+1 are transmission power to interference ratios at relay r i and destination s i+1 , respectively, and G(ρ r i ) = (2 2R − 1)/ρ r i . The first case in (11) corresponds to relay r i that is not being able to decode through supplementary cooperation with r i−1 and s i , and thus source s i is repeating its transmission. The maximum average mutual information is that of repetition coding from source s i to destination s i+1 , therefore, the extra factor of 2 is added in the SINR. The second case corresponds to relay r i that has ability to decode and repeat the transmission through supplementary cooperation, then the maximum average mutual information is that repetition coding from both s i and r i to destination s i+1 . Therefore, the outage event for such decode-and-forward is given by I < R and is equivalent to the event (ρ ri ) and G s = G(ρ si+1 ). As can be seen, two events of the union in (12) correspond to two cases in (11), respectively. Because the events in union of (12) are mutually exclusive, the outage performance of s i+1 with supplementary cooperation (SC) becomes
(13) Here, we compute a closed form for (13). By computing the large SNR behavior, we have the limits
where
Different to the scenario without interference in (4), the outage probability is no longer a function of transmission power.
B. Transmission Efficiency for Supplementary Cooperation
Under the same network scenario as depicted in Figure 2 , (14) can be simplified as
where d r ,r is the distance between two adjacent relay nodes. Then we have the date rate
Consider the same example in Section II, we get R SC = 4.25bit/s/Hz and the average throughput for supplementary cooperation is λ SC = In general, the results from above tell us that the supplementary cooperation with overlapped transmission achieves the best performance among the three schemes. And the gap ratio can be further improved when the SNR increases. It is worth noting that the supplementary cooperation can be realized simply by taking the advantage of the broadcast nature of wireless transmission. Hence, compared with conventional cooperative transmission in Section II, there is no extra system overhead involved.
IV. NUMERICAL RESULTS
In this section, we evaluate the performance of supplementary cooperation under a general network scenario. Especially, we employ space time reuse scheme to analyze the interference impact on network throughput for later comparison.
We consider here a network scenario that 100 nodes are uniformly distributed in a 1000m × 1000m topology with the source and destination nodes located at the top left corner and the bottom right corner, respectively. We set the transmission power to noise ratio ρ = 60dB, desired data rate R = 0.2bit/s/Hz. Results are averaged over 100 simulation runs. By using the cooperative routing algorithm [11] , Figure  4 reports the end-to-end BER performance of routes with different total number of hops from the source to destination. In this simulation, we consider the simplest case where only one transmission is possible in each time slot. So there is no other interference present. As can be seen, the supplementary cooperation achieves much better error performance than the conventional cooperation as well as the same route with only direct transmission. Especially, an average BER reduction of 34.87% is achieved when compared with the conventional cooperation. In addition, it further shows that for cooperative routing, the end-to-end BER improves as the number of hops in the selected route increases. In particular, we observe that 3 hops supplementary cooperation already has the better end-toend BER performance than 4 hops conventional cooperation. Such implies that supplementary cooperation can generate routes with a smaller number of hops and satisfactory end-toend BER when compared with the conventional cooperation.
Next, we evaluate the end-to-end BER performance of supplementary cooperation with overlapped transmission under an interfering environment which allows multi-node transmissions along the same routing using space time reuse scheme.
We assume all nodes along a route transmit in the same frequency band and employ a regular TDM-schedule of length M-cooperative-links so that in time slot t, the nodes 2iM+(t mod 2M) are allowed to transmit, for i = ...−1, 0, 1.... Because each cooperative link composes of two transmissions from the source and relay in two consecutive time slots, therefore, the extra factor 2 is added in TDM-schedule. Figure  6 shows the TDM-schedule for a general cooperative route with reuse factor M=1. The solid lines are simultaneous Figure 5 shows the end-to-end BER performance of supplementary cooperation (SC) with interference subtraction (IS) by using the overlapped transmission and conventional cooperation (CC) without IS. It is clear that supplementary cooperation with interference subtraction achieves much better performance than conventional way. Furthermore, a careful reader might notice that in fact there is a trade-off between reuse factor, end-to-end BER and network throughput. As reuse factor increases, end-to-end BER is reduced correspondingly. However, the network throughput is adversely affected by large reuse factor. Therefore, in order to find the best cooperative route achieving maximum network throughput, we define the network throughput as follow
where R is the desired data rate, P ET E is the end-to-end BER and M is the reuse factor. By using (17), we find that 3 hops supplementary cooperation with interference subtraction is the best routing to achieve the maximum throughput in such network scenario, which is circled in Figure 5 .
V. CONCLUSION
In this paper, we have illustrated the idea of interference subtraction for cooperative networks by using overlapped transmission. Especially, it has shown that the scheme of the conventional cooperative transmission with overlapping obtains larger network throughput than that scheme of direct transmission with overlapping, an improvement of 24% is achieved. Then, we have proposed a new cooperation scheme called supplementary cooperation, which further improves the network throughput of direct transmission with overlapping by 42%. Analytical results are developed to show that in a general network scenario, compared with the conventional cooperative transmission, the supplementary cooperative transmission achieves the BER reduction by 34.87%. Furthermore, in order to balance the trade-off between reuse factor, BER and network throughput, the proposed criterion can help us find the best cooperative route achieving maximum network throughput in a general network.
